The study was aimed at providing livestock producers with options on practical methods to improve soil quality of pastures for improved forage production and livestock carrying capacity. The study was carried out on-farm from 2015 to 2017 at two sites in northern Alberta, Canada. The methods of rejuvenation (treatments) evaluated were: sub-soiling, break & re-seed (pasture renewal), a combination of manure application plus subsoiling, pasture rest, inorganic fertilizer application, high stock density grazing and bale grazing. A check/control treatment was included for comparison. For break & re-seed, the forage mixture seeded (16.8 kg ha -1 ) consisted of 60% grasses and 40% legumes. Overall, bale grazing improved soil organic matter (SOM) by up to 3.80% over other methods including check. In terms of soil compaction penetration resistance, water infiltration rate, water content and nutrients particularly N, P and K, bale grazing system as a method of rejuvenating old pastures significantly showed higher values than check at both sites. Without having to break and re-seed old pastures, the first option that livestock producers would have success with in improving soil quality for better pasture productivity would be bale grazing. The next two methods or rejuvenation strategies with great potential for improving soil conditions for pastures would be a combination of manure application plus subsoil in fall and high stock density grazing.
Introduction
In Canada, the province of Alberta alone accounted for about 40% of the national cattle herd in 2011, with pasture land accounting for 43% of total farm area (Statistics Canada, 2012) . Cow-calf producers know that grazing on productive pastures can be very profitable on their operations. However, over time, in northern Alberta, the productivity and livestock carrying capacity of pastures on beef cattle operations would usually decline, largely a result of reduced plant stand vigor, which is mostly a consequence of soil compaction, occasional lack of moisture (drought), pests, weeds, overgrazing and poor soil fertility (Omokanye, 2015) . Land degradation under pastures may occasionally be irreversible or expensive to rejuvenate, would have a major impact on the biodiversity and productivity of the pasture land. Therefore, producing high quality forage and maintaining productive pastures is a major challenge livestock producers encounter. Breaking and reseeding old pastures (renewal) or using other methods of rejuvenation can be a complex and costly challenge, as well as time consuming for producers. Recently, Omokanye et al. (2018) showed that breaking and reseeding an old pasture would require a minimum of CAD $625/ha in cost in northern Alberta. The high costs associated with break & re-seeding is making livestock producers to look at other strategies or rejuvenation methods that are practicable and cost less for sustaining a forage stand while improving or maintaining soil quality longer. permeability and penetration resistance are present, and such parameters will allow for evaluation of the level of soil quality (Reynolds et al., 2009; Horn & Fleige, 2009 ). Soil quality indicators are those measurable soil properties and processes that have greatest sensitivity to changes in soil function and its ecosystem services (Zornoza et al., 2015; Andrews et al., 2004) .
Soil compaction resulting from cattle trampling in pastures could reduce soil respiration by reducing pore space and limiting O 2 diffusion (Collin & van der Driessche, 2000; Shestak & Busse, 2005) . Reduced soil respiration may indicate less microbial activity and anaerobic conditions, both of which could negatively affect forage yield. If this situation persists, anaerobic conditions in the root zone could negatively affect plant growth (Linn & Doran, 1984) . This is because soil compaction can impair water infiltration into soil, root penetration and nutrient uptake, and consequently, the profitability of the beef cattle operation is negatively affected in northern Alberta (Omokanye, 2015) . Where soil condition is good, the soil would have great potential to absorb and store water (rain and melted snow), store and recycle nutrients, provide habitat for seed germination and growth and consequently resist erosion. Remediation of compaction through subsoiling is one approach which producers can use on pastures.
Northern Alberta has a high content of expanding clay mineral soils often referred to as "gumbo" and are classified in the vertisolic order (Soil Classification Working Group, 1998) . These are mainly heavy-textured (mostly >60% clay, with one-half of the clay being smectite minerals) soils. The "gumbo" soils are characterized by a tough, impermeable hardpan that may vary from 5 to 30 cm or more below the surface (Lickacz, 1993) . Some of the properties of the soils include the high shrink-swell potential, low bearing capacity and extreme stickiness when wet. This hardpan severely restricts root and water penetration of the subsoil (Lickacz, 1993) .
Therefore, on-farm investigations on methods of rejuvenation of old pastures on "gumbo soils" that can lead to increase in soil nutrients, organic matter, microbial activity and earthworm populations, and with positive effects on soil aggregation and macro porosity would be of particular importance to livestock producers in northern Alberta. For the majority of prairie (grasslands) soils in western Canada, N is typically the most deficient nutrient, followed by P, K, and then S (AAF, 2008 ). An important part of efficient livestock production is ensuring there is sufficient grass for both hay and pastures. However, low soil nutrient levels often limit forage production. With good soil fertility and fertilizer management, the productivity of many hay and pasture fields can be greatly improved.
In addition to breaking and reseeding as a means of pasture renewal, one option that some producers have used in rejuvenating pastures is bale grazing. Bale grazing on fields is a method of providing feed to beef cattle particularly during the winter months, in the later parts of the fall or in early spring.
The objective of this study was to investigate how to manage degraded soil under grazing systems with minimal environmental effects, as well as to demonstrate practical and identify potential methods for improved soil quality for sustainable pasture production.
Methods

Study Sites Characteristics
Field experiments were carried out on-farm at two sites in northern Alberta, Canada from May 2015-July 2017. Both sites had cow-calf beef operations. Site 1 was located at Rycroft (50°12′ N, 111° 08′ E; altitude 765 m above sea level) on calcareous brown chernozem soil type. Site 2 was located at Grovedale (55°02′ S, 118° 09′ W; altitude 676 m above sea level) on gleyed solonetzic gray luvisol soil type. The soil physical and chemical characteristics (0-15 & 15-30 cm soil depths) at both experimental sites are provided in Table 1 . Both sites have a subarctic climate (also called boreal climate), which is characterized by long, usually very cold winters, and short, cool to mild summers. Weather data at both sites during the study as well as long-term averages are shown in Table 2 . 
Pasture History and Management
Site 1 pasture paddock was planted to a mixture of meadow bromegrass (Bromopsis biebersteinii, variety-Fleet), and alfalfa (Medicago sativa, variety name was not known) 15 years before the start of the experiment. The entire pasture paddock was about 30 ha, out of which a section (4 ha) was used for this experiment. The paddock was used strictly for pasture for 5 years before the experiment commenced.
Site 2 was also planted to similar forage mixture as site 1 about 16 years before the experiment started. At this site, 4 ha were also used for the experiment. The entire pasture paddock out of which 4 ha was used was 57 ha in size and had been grazed yearly by cow-calf pairs.
At both sites, pastures were grazed by Angus beef cattle each year, primarily in spring/summer. The pastures at both sites had declined in forage productivity over the years. Forage dry matter (DM) yield at the sites just before the start of the experiments averaged 1093 kg ha -1 at Site 1 and 896 kg ha -1 at Site 2 or <20% of expected yearly forage DM yield from a productive pasture. At both sites, there was still a scanty amount of initial fleet bromegrass and alfalfa. The sites were later dominated mainly by quack grass (Elytrigia repens) and dandelions (Taraxacum officinale). Quack grass is a competitive perennial weed, which spreads rapidly by seed or underground stems (called rhizomes) and can be difficult to control (Nelson & Hall, 2000) . Dandelions is a flowering herbaceous perennial plant of the family Asteraceae (Compositae). Without appropriate weed control measures targeting dandelions and quack grass in pastures, both weeds have the potential to spread rapidly. Some producers consider both quack grass and dandelions as undesirable plants on pastures.
Experimental Design and Methods of Rejuvenation of Pastures (Treatments)
The treatments (methods of pasture rejuvenation) were set up using a randomized complete block design with three (3) replications at each site. Each treatment plot was 10 m x 100 m (1000 m 2 ) in size. The methods of pasture rejuvenation that were evaluated at the sites and their descriptions are provided in Table 3 below. 7. Bale grazing (BG) practice in winter. This practice involves setting dry hay bales out across a pasture or hay field from fall through winter to early spring.
Used a density of 60 hay bales/hectare that averaged 545 kg/hay bale at each site.
Hay bales were place on a grid of 12 m centers (leaving 10 m) between the hay bales, to allow even manure nutrient coverage). Hay bale feed composition is shown in Except for Treatments 2 (M+S) and 3 (SSF), which were done in the fall of 2015, and treatment 7 (BG), which was done during the winter of 2015/2016, all other treatments were implemented in the summer of 2015.
Manure and Hay Bale Feed Samplings for Analysis
The stockpiled beef cattle solid manure used for treatment method M+S at site 1 was sampled from the top (outer layer), middle and bottom. A front end loader attached to a tractor was used to get to the middle and bottom of the stockpiled manure. The front end loader also helped to create a face to enable vertical sampling. All samples were mixed together thoroughly, sub-sampled, air-dried and later analyzed for ammonium-N, total N, total P and moisture content to enable the calculation of desired N rate (Table 4) .
Feed samples of the hay bales used for bale grazing treatment (BG, treatment 7, see Table 3 ) were taken by coring round hay bales with an electric forage sampler. Three samples were taken for each hay bale. The samples from all bales were bulked together for laboratory analysis to determine if the hay would provide adequate nutrition for dry gestating beef cows in mid pregnancy (NRC, 1996 (NRC, , 2000 during bale grazing. Feed analysis included (see Table 4 ): dry matter content, crude protein (CP), Ca, P, K, Mg, S, Na and total digestible nutrients (TDN). 
Data Collection
After all the treatments have been implemented from spring to fall of 2015 as well as early 2016 (during winter) for BG (treatment 7), field measurements for appropriate data collection were done in mid-July of 2016 & 2017.
All measurements and soil samples were collected using a consistent grid that had 3 points spaced 20 m apart imposed within the length of each treatment plot. Soil samplings and other measurements were taken within a radius of 3 m of each point. Soil samplings and field measurements were avoided within 20 m from the two edges along the plot length and 10 m from both sides of each treatment plot. The grid points therefore provided 3 sampling points for each treatment plot or 21 sampling points for Site 1 and 18 for Site 2.
Soil quality integrates the physical, chemical, and biological components of soil, and their interactions. We know that in order to capture the holistic nature of soil quality or health, all components of soils should be measured. However, in the present study, only physical and chemical components were measured. No biological component was measured.
Field Measurements
Soil water content -A direct measurement of soil water content from 0-15 cm soil depth was done with gravimetric method of soil water content determination as described by Gardner (1986) . The soil was sampled with stainless steel soil sampler (2.70 cm diameter). The soil was sampled at 30 cm depth per lift. The moist soil samples were weighed, air dried in the open for 10 days and later reweighed. The mass of water lost was calculated as a percentage of the mass of the dried soil. Thus, % of soil water (dry-mass basis) = weight of wet soil (g) -weight of dry soil (g)/weight of dry soil (g) x 100.
Soil water infiltration -The water infiltration rate was measured with single-ring infiltrometers as described by Lowery et al. (1996) and Nicholas (2004) . The ring infiltrometers (aluminized coated) were 15 cm in diameter and 14 cm in height. Using the sledge hammer and block of wood, the rings were hammered to 7.50 cm into the soil. The amount of time it took 500 mL of water to infiltrate was recorded.
Soil Compaction -Soil compaction penetration resistance readings were taken from 0-30 cm soil profile at 2.5 cm intervals. FieldScout SC 900 Soil Digital Compaction Meter (cone penetrometer) was used to collect soil compaction data.The compaction meter had exclusive ultrasonic depth sensor, which captured readings in 2.5 cm increments.
Laboratory Measurements
Within each replicate of a particular treatment, 3 soil cores each were collected from 0-15 cm and 15-30 cm using a step-down soil probe. We mixed samples taken from the same depth intervals. All samples were air dried and then analyzed in the laboratory for soil nutrients [nitrate-N (N), P, K, S, Ca, Mg], soil organic matter (SOM), electrical conductivity (EC) and pH. Three additional samples were collected from 0-15 and 15-30 cm soil layer with a soil sampler for each replication for total C and N and their resulting C:N ratios.
Laboratory methods of analysis used following those described by McKeague (1978) were loss on ignition (LOI, 3.8) for SOM; water extraction (1:2 soil:water ratio, 4.12) for pH;saturated paste extract for EC; ammonium acetate extractable cations, 4.51 for P, K, Mg, and Ca; and sulphate-S was by sulphate extractable by 0.1M CaCl 2 , 4.47. Nitrate-N was determined using 0.01 M K 2 SO 4 extraction and extract analysed colorimetrically (Standard Methods for the Examination of Water and Wastewater. 22nd Edition 4500-NO 3 ; Automated Cadmium Reduction Method). Total C and N were analysed following the methods described by Nelson & Sommers (1996) and their ratios were calculated for each of the rejuvenation methods.
Soil nutrient (N, P, K and S) levels were reported in parts per million (ppm). For each 15 cm sample depth, these values were doubled to approximate the nutrient levels on a kg ha -1 (AAF, 2008) . We are aware that most plants take up nitrogen in the form of dissolved nitrate (NO 3 -) and ammonium ions (NH 4 + ), but in this study, we would only be examining soil nitrate-N.
Data Analysis
The collected data from the two locations were analyzed separately (site basis) and on a yearly basis using the GenStat statistical package (2009, 12 th Edition). The values of soil quality indicators such as soil water content, water infiltration rate and compaction penetration resistance were compared among rejuvenation treatments by one-way ANOVA. Other parameters (pH, SOM, EC, C, N, C:N ratios, N, P, K & S) that were determined from 2 soil depths [0-15 cm (D1) & 15-30 cm (D2)] were compared among rejuvenation treatments by two-way ANOVA. The resulting total soil N, P, K & S from D1 & D2 were not subjected to any statistical analysis. Where ANOVA indicated significant treatment effects for those parameters that were statistically analyzed, the means were separated by the least significant difference (LSD) at the 0.05 probability level. Significant differences in the text refer to P<0.05.
Results
Site 1: Rycroft Alberta
Soil Physical Properties
Soil Water Content (Table 5 ) -The soil water content was similar (P>0.05) for all rejuvenation methods in 2016. But in 2017, BG had significantly (P<0.05) higher soil water content than other methods including check. In 2017, other than BG, other rejuvenation methods had similar soil water content. Overall, in 2017, BG, SSF, M+S, and B&R had 10-34% higher soil water content than check.
Water Infiltration Rate (Table 5 ) -The water infiltration rate was significantly affected (P<0.05) by methods of rejuvenation investigated for both years (2016 & 2017) . In 2016, infiltration rate was higher for SSF, M+S, BG, B&R and HSDG than other rejuvenation methods. In 2017, the 2 subsoiling treatments (SSF and M+S) and B&R appeared to have far higher infiltration rates than other rejuvenation methods. Overall, SSF, M+S, B&R and BG seemed to consistently infiltrated more water through the surface soil than other methods as well as check, even after about 2 years of implementing those rejuvenation methods.
Soil Compaction Penetration Resistance (Table 5, Figure 1 ) -In both years (2016 & 2017) , pooled over soil depths (0 to 30 cm), the mean soil compaction readings (over soil depths) differed significantly (P<0.05) for rejuvenation methods. The significant interactions showed that SOM was significantly lowest for SS The mean soil compaction in 2016 and 2017 appeared to be consistently improved by SSF, M+S, B&R, and BG than other methods. In 2016, B&R had the least mean compaction values, while in 2017, both B&R and BG had the least mean compaction values (Table 5 ). Pooled over 2 years (2016 & 2017) , the mean soil compaction readings from surface soil to 30 cm subsurface soil depth for each rejuvenation method showed that SSF, M+S, B&R, BG consistently showed less compaction values than other rejuvenation methods ( Figure 1 ). (Table 6 ) -The soil pH showed some significant differences (P<0.05) for rejuvenation methods. On a general note, the soil pH values did not change drastically from 2016 to 2017 for any particular methods. The mean soil pH across rejuvenation methods was similar for both years and depths (~7.0 soil pH).
Soil Organic Matter (SOM , Table 6 ) -There was significant (P<0.05) method x soil depth interaction for SOM in both years (2016 & 2017 . The significant interaction effects showed that in 2016, SOM was significantly least for HSDG (3.4% SOM) and highest for M+S (8.4%). In 2017, M+S also had the highest SOM (8.3%), while occasionally resting the pasture treatment method gave the lowest SOM (4.10%). Only BG and HSDG, and to some extent M+S appeared to show some potential for slight consistent increases in surface SOM from 2016 to 2017, with SOM increasing up to 1.1% for BG, 0.5% for M+S and 0.85% for HSDG. Generally, the surface soil had higher SOM values than subsurface soil for all treatments in both years.
Electrical Conductivity (EC , Table 6 ) -In both years, EC was influenced by method x soil depth interaction. In 2016, the methods mostly had higher EC in surface soil (0-15 cm) than the sub-surface soil (15-30 cm), while in 2017, 3 out of the 7 methods had higher soil EC in the sub-surface soil than surface soil. In both years, in the surface soil, BG seemed to show some tendencies for higher soil EC than other methods (except M+S in 2016). In the sub-surface soil, B&R in 2016 and M+S in 2017 had higher soil EC than other methods in the respective years. Table 6 . Soil pH, soil organic matter (SOM) and electrical conductivity ( Total C and N, and C:N ratio (Table 7 ) -In both years (2016 & 2017) , the soil C and N were significantly influenced by rejuvenation methods x soil depth interaction, but not the resulting C:N ratios. The significant interaction effects for both soil C and N in both years showed that in most cases, soil C and N were significantly lower at the sub-surface soil (15-30 cm) than soil C and N at the surface soil (0-15 cm). The resulting lowest and highest values from the rejuvenation methods x soil depth interactions were: In 2016, B&R, M+S and SSF in that order appeared to have higher soil total C values in the 0-15 cm soil layer than other methods including check (Table 7) . These rejuvenation methods (B&R, M+S and SSF) also showed higher soil total N in the same soil layer.
Just as the resulting C:N ratios, which did not show any significant rejuvenation methods x soil depth interaction, in both years, pooled over soil depths, the C:N ratios were also similar for all rejuvenation methods (data not shown).
Soil Nutrients (Table 8 ) -In both years, there were significant rejuvenation methods x soil depths interactions (P<0.05) for soil N, P, K and S.
In 2016, in the surface soil (0-15 cm), N was greatly improved by HSDG and this was followed by BG. The HSDG method exceeded other methods including BG by 43-139 kg -1 N. On the other hand, BG improved soil N by up to 96 kg ha -1 N over other methods (excluding HSDG). In 2017, BG had the most soil N in the surface soil, followed by HSDG and then M+S. Except for B&R in 2016 and M+S in 2017, the subsurface soil generally had lower soil N than surface soil. Overall, BG, M+S, HSDG and to some extent resting the field as a method of rejuvenation for a year have all shown some potential for improving soil N than other methods. The greater improvement in subsurface soil N appeared to be from BG and HSDG in 2017. In 2016, combining the 2 depths (0-5 cm + 15-30 cm), HSDG had the highest soil N (~150 kg ha -1 ), followed by BG (105 kg ha -1 ) and then B&R (~24 kg ha -1 ). In 2017, BG had the highest soil N at both depths (~96 kg -1 ), followed by HSDG (85 kg ha -1 ) and then pasture rest (~61 kg ha -1 ). 
CV, coefficient of variation
The surface soil P was consistently higher for BG, M+S and HSGD than other methods of rejuvenation. In 2016, M +S in fall had the most surface soil P, while in 2017, BG showed higher surface soil P value. In 2016, surface soil had more soil P than subsurface soil. In 2017, in most cases, surface soil P was similar or slightly lower than subsurface soil P. Combining the 2 depths (0-5 cm + 15-30 cm), BG and M+S, consistently had higher soil P than other methods including in both years (2016 & 2017) . The increases in soil P for BG over check were 43 and 40 kg ha -1 P in 2016 and 2017 respectively. For M+S, the increases over check were as high as 110 kg ha -1 P in 2016 and 25 kg ha -1 P in 2017.
The surface soil K was higher for BG, M+S in fall and HSDG than other methods of rejuvenation in 2016. At the same depth, the surface soil K was similar for both years for most methods of rejuvenation. In both years (2016 and 2017), the surface soil K was mostly higher than subsurface soil K. Combining the 2 depths, BG and M+S, consistently had higher soil K than other methods including in both years (2016 & 2017) . The increases in soil K for BG over check were 34 and 36% in 2016 and 2017 respectively. While for M+S, the increases over check were as high as 32% in 2016 and 21% in 2017.
Except for M+S, which had 22.4 to 24.6 kg ha -1 S from both soil depths, other methods did not appear to change much in soil S at both soil depths in both years (2016 & 2017) . Both M+S and pasture rest seemed to be consistently higher for soil S for both depths combined (0-30 cm) than other methods.
Site 2: Grovedale Alberta
Soil Physical Properties
Soil Water Content -The soil water content (Table 9 ) was similar (P>0.05) for all methods in 2016, while BG, SSF and B&R significantly improved soil water content than other methods in 2017. While BG and SSF greatly improved soil water from 2016 to 2017 by 9.8% and 4.4% respectively, other methods had far less improvement in soil water in 2017 than 2016.
Water Infiltration Rate -The water infiltration rate (Table 9 ) was influenced (P<0.05) by rejuvenation methods in both years (2016 & 2017) . In 2016, infiltration rate was greatly improved by SSF and B&R than other methods. In 2017, the top 3 methods and their order with respect to water infiltration rate were: SSF > (24.0 mm/hour) > BG (19.6 mm/hour) > B&R (12.4 mm/hour). Infiltration rate generally increased from 2016 to 2017 for all methods (except for B&R and SSF). The greatest increases in water infiltration rate in 2017 over that of 2016 was recorded for BG. The rate at which water infiltrated into the soil was the same for SSF for both years.
Soil Compaction -The methods of rejuvenation tested here had significant effects (P<0.05) on soil compaction (Table 9 ) in both years (2016 & 2017) . Averaged across the various soil depths (2.5 to 30 cm) for each year, the mean soil compaction for the rejuvenation methods was lowest for SSF, followed by BG and B&R in that order for both years. However, pooled across years (2016 & 2017) , soil compaction for methods of rejuvenation at different depths showed that SSF, followed by B&R had the least compacted soil from 2.5 to 30 cm soil depths (Figure 2) . BG also showed less compacted soil particularly in the surface soil (2.5-15 cm soil depth, Figure 2 ). 
Soil Chemical Properties
Soil pH -The soil pH was not significantly affected (P>0.05) by methods of pasture rejuvenation (Table 10) .
Soil Organic Matter (SOM) -The SOM consistently affected by rejuvenation methods x soil depth interaction in both years. In both years, BG appeared to have consistently higher SOM values from surface soil depth than other methods of rejuvenation (Table 10 ). In 2017, BG favoured SOM by 1.70 -3.80% over other methods including Check. The SOM value was generally higher in the surface soil than subsoil in both years for all rejuvenation methods investigated.
Electrical Conductivity (EC) -In both years, EC was influenced by method x soil depth interaction and BG consistently showed higher soil EC values than other methods in the surface soil (0-15 cm) (Table 10 ). Total C and N, and C:N ratio (Table 11 ) -In both years (2016 & 2017) , the soil C and N were significantly affected by rejuvenation methods x soil depth interaction, but not the resulting C:N ratios. The significant interaction effects for both soil C and N in both years showed that in all cases, soil C and N were significantly lower at the sub-surface soil (15-30 cm) than soil C and N at the surface soil (0-15 cm). In both years and at both soil depths, HSDG consistently had higher Soil C than other methods. Just as the resulting C:N ratios, which did not show any significant rejuvenation methods x soil depth interaction, in both years, pooled over soil depths, the C:N ratios were also similar for all rejuvenation methods (data not shown). Soil Nutrients (Table 12 ) -In both years, soil N, P, K and S were significantly affected (P<0.05) by rejuvenation methods x soil depth interaction.
In both years, BG consistently improved soil N in the surface soil than other methods. In 2016, other than BG, which showed higher soil N at 0-15 cm than 15-30 cm, other methods mostly had similar soil N at both depths. soil N than check in the 0-30 cm soil depth, while in 2017, the increase from BG over check was 83 kg ha -1 N.
The soil P did not differ much in 2016 between the different methods, but in 2017, BG showed significant soil P improvement in both surface and subsurface soil depths than other methods examined in this study. BG had ~27 to 40 kg ha -1 P more than other methods in the surface soil. Generally, BG, FA and HSDG showed more soil P in the surface soil in 2017 than 2016. In both years (except for BG in 2017), subsurface soil mostly had similar soil P values for any particular treatment.
Only BG showed greater improvement in soil K over Check treatment in the surface soil in both years. The surface soil mostly had higher soil K than subsurface soil in both years.
Soil S -For some reason, Check appeared to have higher surface soil S in 2016 and 2017 than other methods. Generally, the different methods did not show any consistent trend with respect to soil S from 2016 to 2017. , T x D, treatment (rejuvenation methods) x soil depths interaction.
*,***, significant at P<0.05 and P<0.001 respectively.
LSD 0.05 , least significant difference at P<0.05.
CV, coefficient of variation
Discussion
Under pasture production systems, changes in soil quality can be assessed by measuring appropriate indicators and comparing them with desired values (critical limits or threshold level) at regular intervals. Such a monitoring systems will provide information on the effectiveness of the production systems.
Soil Organic Matter (SOM)
In the present study, the initial SOM in the surface soil (0-15 cm) was 5.2% at site 1 and 6.9% at site 2 before the rejuvenation methods were implemented. After the methods were implemented, most methods seemed to have some positive effects on SOM over the duration of this study. Overall, bale grazing system as a method of rejuvenation improved SOM by up to 3.80% over other methods including check during the study period. A high stock density grazing, and to some extent, manure + subsoil in fall (though only done at one site) have both also showed great potential for improving SOM. The slight increases in SOM over a short duration as recorded in this study would be significant for sustainable pasture production and livestock carrying capacity. This is because SOM is an important source of inorganic nutrients for plant production in natural and managed ecosystems. The improvement in SOM by bale grazing in this study was not unexpected as various previous studies in the same environment (Omokanye, 2013 (Omokanye, , 2014 and elsewhere (Henke, 2017) have all reported similar observations. As observed here with respect to the differences in SOM between soil layers, previous studies by Omokanye (2013, 2014 ) also obtained higher SOM in the surface soil (0-15 cm) than subsurface soil (15-30 cm).The significant increases in surface soil SOM particularly from bale grazing and manure + subsoiling over check and some of the other methods investigated in this study could be attributed to the benefits of cow feces and urine and stockpile manure, which would provide greater diversity and activity of organisms (such as increases in earthworm and dung beetle population) and better soil structure (Brown, 2015) .
Soil Electrical Conductivity
Soluble salts are present in soils; however, when the concentration of salts is high, the soil is considered saline and crop growth can be reduced. Following the salinity ratings for Alberta soils in relation to EC measurements (Kryzanowski et al., 1988) , it is evident that from the results of EC obtained in this study at both sites from both surface and subsurface soil layers, the soils at both sites were non-saline as they were generally <0.60 dS/m EC.
Soil pH
Soil pH (or reaction) indicates acidity or alkalinity of the soil. Soil pH is also a useful tool in making management decisions concerning the type of plants suitable for location, the possible need to modify soil pH (either up or down), and a rough indicator of the plant availability of nutrients in the soil. Under low pH conditions, some nutrients bind tightly to soil particles and as a result are unavailable to plants (AAF, 2008) . Low pH conditions also impact the growth and survival of soil microorganisms, some of which are instrumental in releasing nutrients bound in organic matter for crop use, while crops produced in soils more acidic than their tolerance level will result in reduced yields. In the present study, soil pH values were within optimal levels for crop growth and soil microbial activity (Smith & Doran, 1996) , an indication that many forages will do well in both soils.
Soil Compaction Penetration Resistance
In northern Alberta, soil compaction is one of the main problems for forage production. It is essential to implement strategies to prevent soil compaction. Remediation of compaction through subsoiling is one approach.
In the present study, the high soil compaction readings obtained from check and most rejuvenation methods other than bale grazing, break & reseed and the 2 subsoiling treatments, further confirms that, soils under pastures can be severely compacted -an issue mostly attributable to the heavy textured type of soils (Omokanye, 2015) and cattle trampling in pastures. Soil compaction can impair water infiltration into soil, root penetration and nutrient uptake. Furthermore, soil compaction could reduce soil respiration by reducing pore space and limiting O 2 diffusion (Collin & van der Driessche, 2000; Shestak & Busse, 2005) . Penetration resistance has been related to crop root growth in wet soils close to the drained upper limit. In general, crop root growth restriction starts when penetration resistance exceeds 15 kg cm -2 and severe restriction at 25 kg cm -2 or more in soils at field capacity (Davis & Isbister, 2017) . Soil compaction readings of >21 kg cm -2 would indicate potential soil compaction in the field (Murdock et al., 1995) .
In the present study, subsoiling was done only to 30 cm deep and was considered shallow compacted layer. When properly done, subsoiling loosens the soil allowing roots to penetrate deeper into the profile, increasing water infiltration, and improving conditions conducive to biological activity (Weill, 2015) . The advantage of Agrowplow subsoiler used in this study is that the degree of soil surface disturbance is usually very minimal.
The present study shows that, in addition to break and reseed as a means of pasture renewal and for temporarily reducing compaction, other reliable options that producers can use in reducing compaction would be bale grazing and subsoiling. It is important to note that bale grazing however may not always have significant reduction in compaction beyond 15 cm soil depth.
Soil Water Infiltration
Comparing with the permeability classification system provided by UNCE (1999) to describe soil water infiltration performance, other than check (except at site 2 in 2017) which was very slow in allowing water into soil, most methods investigated belonged to moderately slow permeability class. The greater water infiltration rates from the two subsoiling treatment methods over check in particular showed the value of deep tillage method such as subsoiling in breaking up soil compaction and thereby allowing significant water movement though the soil.
Total soil C
In the present study, the soil C tended to be higher with break and reseed, manure + subsoiling and subsoiling in the fall than other rejuvenation methods at site 1 in the surface soil in 2016 (but not in 2017) and this did not appear to be so at site 2 at the same soil depth. Also, there appeared to be a generally lower soil C in the surface soil in 2017 than 2016 at both sites for all methods of rejuvenation. What could be responsible for these observations is not very clear. Therefore, further long-term studies are needed to enable a true picture of soil C under different pasture improvement methods. This is very important in order to understand the dynamics of soil C storage under pastures, as Brady & Weil (2008) earlier pointed out, that the potential for C sequestration is greatest on degraded lands, where current levels of carbon may represent a fraction of what naturally occurred. It is also important to note that, in addition to various inorganic forms, C can be stored in the soil as SOM (Brady & Weil, 2008) . A large number of factors affect the build-up of soil C, including climate, rainfall, vegetation, topography, soil properties and drainage. The observation that C:N ratio was generally lower in subsoil than in topsoil in this study is in conformity with earlier report by Cathcart (2003) .
Soil N, P, K and S
The findings from this study as expected showed that check, break & reseed and subsoiling in fall did not appear to have any influence on soil NO 3 -N. However, later in the present study, bale grazing significantly improved soil N (up to 96 kg ha -1 from 0-30 cm) than other rejuvenation methods investigated. With bale grazing, through the residual feed/feed litter and manure accumulation, N is captured on the bale grazing site and gradually becomes available through litter decomposition and soil nutrient mineralization for subsequent pasture production (Jungnitsch et al., 2011; Omokanye, 2013 Omokanye, , 2014 Picard, 2010) . In 2016, at site 1, high stock density grazing had the most soil N, but by 2017, the soil N had reduced sharply by 63 kg ha -1 , indicating that soil N was probably lost from the soil of high stock density grazing method through leaching and runoff, a problem which had earlier been identified with bale grazing system in the same environment (Omokanye, 2014) . Environmental concerns also dictate the need for careful manure management planning, as the N in manure may be converted through the action of soil bacteria to the nitrate form which, if unused by plants, can move through the soil and into the groundwater (Madison et al., 1995) . Movement of nitrate to groundwater is more likely to be a problem in areas with sandy soils and a water table near the land surface.
Crop yield is determined by the supply of individual nutrients relative to their required levels for optimal yield. Nitrogen is a key component of soil organic matter and is required by plants in large quantities. It is often the first limiting nutrient in prairie cropping systems (including northern Alberta) in Canada (AAF, 2008) . Looking at the generalized deficient, marginal, and adequate ranges of various crop nutrients for Alberta soils as provided by Kryzanowski et al. (1988) , it is evident that in the present study, bale grazing and high stock density grazing (particular at site 1), would potentially be able to provide sufficient soil N for yearly forage production. Our results showed that most rejuvenation methods were generally deficient in soil N for optimum forage production.
The inability of high stock density grazing at site 2 was because of the lower number of animals used at that site than site 1, indicating that the lower number of animals in that treatment was not able to provide the same effect at that particular point in time. Though, manure + subsoiling, occasional pasture rest and fertilizer application methods of rejuvenation did not seem to improve soil NO 3 -N in 2016, but over time (in 2017), they all showed potential to improve soil NO 3 -N in their respective systems. What was responsible for the inability of fertilized pasture treatment to show any initial improvement in soil N particularly in 2016 is difficult to explain? Being an organic nutrients source, the manure in manure + subsoiling would slowly release its N, thereby improving soil N over time as observed here with manure + subsoiling treatment. Organic N compounds are an important source of N for crops. These compounds, which are part of soil organic matter, must undergo decomposition before the N they contain is plant available.
Phosphorus is regarded as the second most limiting nutrient in western Canadian soils (AAF, 2008) . In the present study, soil P levels were generally higher at site 1 than site 2, and this was associated to the initial (base data taken in 2015, see Table 1 ) generally high soil P levels at site 1 (18-19 ppm P) compared to site 2 (7-9 ppm P). At site 1, most methods had adequate soil P levels for plant growth. But overall, at site, bale grazing, manure + subsoil and high stock density grazing consistently had higher soil P levels. One of the environmental concerns of manure application is that high P contained in manure can affect lake and stream water quality by stimulating weed and algae growth (Madison et al., 1995) . At site 2, where the initial soil P was low, of the methods tested, only bale grazing was able to meet the required soil P level needed for proper plant growth under a dry land situation in Alberta (Kryzanowski et al., 1988) .
In this study, at both sites and for all rejuvenation methods, soil K levels generally far exceeded the commonly recommended K for plant growth (Kryzanowski et al., 1988) . The lack of any soil K deficiencies by any of the rejuvenation methods at both sites probably suggests that K may not be a problem in the soil under a pasture/grazing situation. Again, site 1 generally had higher soil K than site 2, a reflection of the initial higher soil K at site 1 (particularly from 0-15 cm soil layer) than site 2. Also, as indicated, only a small percentage of the total arable land on the prairies in Canada is K deficient (AAF, 2008) . Though, the highest proportion of these K deficient soils is in Alberta, particularly on the coarse textured (sandier) soils. None of the 2 sites used in the present study had coarse textured (sandier) soils.
Though only 3 of the overall 8 methods tested at one point seemed to be within the required soil S levels for proper plant growth, the soil S levels at both sites were generally lower than the recommended soil S levels for plant growth in Alberta under dry land situation (Kryzanowski et al., 1988) . Because of the inability of most rejuvenation methods to improve soil S in this study, additional sources of S based on soil tests recommendations would be needed for improved pasture production and livestock carrying capacity.
Overall, in terms of soil nutrients (particularly N, P, K and S) at both sites, it is evident from this study that bale grazing, manure + subsoil in fall, high stock density grazing and dry fertilizer application have all shown great potential for improving soil N, P, K and S. This study also showed that at both sites in both years (2016 and 2017) , the surface soil (0-15 cm) N, P and K was mostly higher than subsurface soil (15-30 cm) N, P and K. The consistently higher soil nutrients (for N, P and K) obtained in this study at both sites mostly for bale grazing, high stock density grazing, manure + subsoil in fall, and dry fertilizer application indicate that inorganic or organic forms of fertilizer would have potential for directly influencing soil nutrients of old pastures.
The findings with using bale grazing, in particular, as a reliable rejuvenation strategy in this study further re-affirms the benefits of bale grazing in adding nutrients to the soil, as earlier reported in various studies across western Canada (Jungnitsch et al., 2011; Picard, 2010) including northern Alberta (Omokanye, 2013) . The soil nutrients remain elevated in the surface soil profile but seem to be stabilizing or dropping with increasing years of forage growth and harvest (Picard (2010) . As observed in the present study, compared with check, when tillage was used to break up old forage stands, nutrients that were tied up in the organic matter were somehow released over time, particularly with N, P and K at both sites. Though, the release of nutrients could simply be a short-term benefit.
Observations in the present study showed that the grass on the bale grazed areas for bale grazing method was thicker, taller and much darker green with bigger leaves, thereby confirming earlier observations with bale grazing system (Omokanye, 2013) . The present study also showed that alfalfa and meadow bromegrass did not do well in bale grazed areas, but smooth bromegrass did grow very well in bale grazed areas. However, quack grass, which most producers see an undesirable native grass in pastures would normally do very well in bale grazed areas. Whether other grass and legume species and varieties would do well or not in bale grazed areas after grazing would needs to be investigated. Further research is still needed to better understand the interactions (of methods investigated in the present study) on the broad spectrum of soil quality indicators (physical, chemical and biological soil properties).
The 3 methods (bale grazing, manure + subsoiling and high stock density grazing) which had some forms of manure showed far greater improvements in soil N over check and in most cases over other methods as well. This shows the benefits of manure application in improving soil. Soil fertility and balanced soil mineral nutrition are important for both forage and livestock to reach their growth and production potential. Increasing stock density has been shown to increase soil life, soil quality and forage quality at a much faster rate, while still being the most economically rewarding method of grazing (Teague, 2016) . Though, the present study did not examine if any of the measured soil quality indicator parameters would have some form of Pearson"s correlation coefficient (r) or not, but looking at the findings in this study, we could probable infer that, in order to increase SOM, significant amounts of nutrients such as P, N and S must also be available (Brady & Weil 2008) .
Conclusion
Maintenance of optimum soil physical conditions is an important component of soil fertility management. In the present study, bale grazing, subsoil in fall, manure + subsoil in fall, and break & re-seed all consistently played significant roles in improving soil water content and infiltration rate as well as reducing compaction. Subsoil in fall, manure + subsoil in fall and break & re-seed consistently reduced compaction up to 30 cm soil depth. Bale grazing also reduced the soil compaction. In addition to the role played by bale grazing in improving soil function, it is important to note that the combination of manure + subsoil in fall may be a good strategy that can be used to enhance soil health through improved SOM, increased infiltration rate and reduced compaction. Though, high stock density grazing may not be able to reduce soil compaction or drastically improve infiltration, but other resulting benefits from high stock density grazing such as improved soil nutrients levels as well as SOM would make it a good choice for rejuvenating old pastures. This study concluded that overall, soil quality indicators measured here, and taking into consideration other potential benefits, the practicable top 4 (bale grazing, subsoil in fall, manure + subsoil in fall, high stock density grazing) methods of rejuvenation that would be recommended to livestock producers there is no doubt that soil health, pasture productivity and farm profitability would increase when the selected methods are properly implemented on old pastures that are still dominated by desirable forage varieties.
